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Using experimental data from four electric lighting scenarios at King’s College
Chapel in Cambridge, we developed an integrated approach to evaluating the
overall impression of concert lighting. First, we performed a group analysis based
on the aggregated response from the audience, conductor and musician
respondents, followed by an overall analysis accounting for all 624 responses.
Ordered logistic regression analysis revealed the absence of statistically significant
subjective–objective relationships for perceived visual balance, appropriateness,
comfort and the overall impression. There were, however, significant results when
the variables were correlated with subjective attributes. This suggests that the
perceptual process was bi-level. To gain a more complete understanding of the
perceived qualities, it is necessary for an approach to consider not only the
intercorrelations between the subjective and objective measures, but also the
intracorrelations among the subjective attributes. Further analysis of variance
showed that increasing the overall lighting intensity was more likely to lead to a
lower level of satisfaction. Nevertheless, providing peripheral and directional lights
appeared to be the key to improving the overall impression. This paper confirms
that combining detailed and generalised approaches to evaluate subjective
responses can yield more meaningful interpretations, enabling relations with
measures to be established with greater confidence.

1. Introduction

Lighting researchers have been striving for
pragmatic and holistic approaches to assess-
ing the effects of lighting conditions on
building occupants. Since the first
Commission Internationale de l’Éclairage
(CIE) symposium on lighting quality two
decades ago,1 much effort has been devoted
to developing predictive models linking the
visual system with task performance, visual

comfort and preferences,2–4 linking the per-
ceptual system with health and safety (e.g.
disability glare and fatigue)5,6 and well-being
(e.g. mood, motivation and behaviour),7,8 as
well as linking the circadian system with
colour properties, alertness and health.9–11

While lighting standards and guidelines can
support architects and designers in creating
sufficiently lit spaces that meet recommended
light levels for functionality and energy effi-
ciency, the extent to which lighting affects
occupants’ experience depends also on con-
text- and occupant-specific factors. As high-
lighted in Table 1, assessment frameworks
available from current lighting standards and
design guides appear to be over generalised
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and limited to office and retail applications
despite the proliferation of research into the
subjective aspects of light, failing to account
for different contexts in which lighting is
perceived. An environmental survey pub-
lished by the British Standards Institution
(BSI) and the International Organisation for
Standardisation (ISO), for example, sets out
broad questions and rating scales concerning
visual discomfort, preference, acceptability
and satisfaction as a means to assess the
occupant’s impressions of luminous environ-
ments.12 Such an assessment, however, seems
to be rather rudimentary and inadequate due
to the generalisation of the questions involved
and their non-context-specific nature. More
recently, integrating health and well-being
into building design has prompted the devel-
opment of the WELL Building Standard.13

Drawing on the wealth of research conducted
by the lighting, architectural, medical and
neuroscience communities, the WELL
Building Standard provides the construction
industry and general public with a more
comprehensive and structured framework to
assess the physical environment including air,
water, lighting, thermal comfort and sound.
Although the assessment criteria are generally
supported by published studies, which can be
seen as a small step towards bridging the gap
between research and application, it remains
unclear how the framework might best be
applied in various settings.

The procedures detailed in the standards
and guides may mislead practitioners and
assessors alike into assuming that the evalu-
ation process is merely a tick-box exercise.
The following review of methods and model
developments attempts to highlight what
might have contributed to the shortcomings
of these assessment frameworks. Broadly, (1)
previous lighting studies appear to have
focused mostly on simple and controlled
contexts with limited physical parameters
considered; (2) the general nature of the
questions and response variables selected

seems unable to fully reflect different contexts
and the occupants’ luminance requirements;
and (3) assessment procedures are often
presented in a sequential and orderly
manner with relatively little emphasis on
their applicability in complex settings.

1.1 Controlled contexts with limited physical
parameters

In early developments, empirical models
were developed with shared goals to perform
assessments and make predictions in a variety
of settings and under a variety of lighting
conditions. A common approach was to
model the effects of light on people’s ability
to process visual information, and on their
speed and accuracy in performing visual
tasks. The psychophysical experiments
involved, however, have traditionally been
over-controlled, leaving the applicability of
the models open to challenge, especially when
applying them in complex luminous environ-
ments. Among the well-established studies,
Blackwell’s visibility-based approach focused
on observers’ visual ability to sense minute
changes in light levels,23,24 while Rea and
Ouellette’s time-based approach centred on
observers’ reactions to non-visual tasks under
mesopic and photopic conditions.25–27 Based
on both observed threshold and suprathres-
hold responses, Rea and Ouellete’s visual
performance model (RVP) indicates that
visual performance improves with increased
brightness and contrast, though the trend
levels off when the brightness and contrast
become relatively high. These findings are
consistent with those obtained in other
studies.28–30 The model was better received
because of its explicit attempt to associate
visual and task performances with a broader
range of threshold values, and because of the
relative ease of obtaining the relevant meas-
urements. Despite being highly appealing in
the first instance, these approaches seem to
have little place in current lighting research,
except in road lighting.31,32 A plausible
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explanation could be that the tightly con-
trolled experimental setting and design might
have limited the potential for application in
real contexts. The limited number of physical
parameters considered, as Rea admitted,
might also have contributed to the incom-
pleteness of the model.33

1.2 General nature of the questions and
response variables

Another practical concern with some
models is the risk of assuming similar mag-
nitudes of lighting attributes in one context
can induce similar impressions in another
context. Inspired by the designed appearance
method of Waldram34,35 that is based on the
concept of apparent brightness, Lynes devised
the flux distribution procedure as a design
guide to good illumination.36 To account for
task illumination and illumination hierar-
chies, the five-step procedure involves calcu-
lating of surface reflected flux, average
indirect illuminance, surface direct illumin-
ance, surface direct flux and zone lamp
wattage. Cuttle similarly integrated the con-
cepts of ambient illumination, illumination
colour appearance, illumination hierarchy,
colour rendering, flow of light, sharpness of
lighting and luminous elements into one
framework.37,38 He described that a lit
appearance would be considered dim at
30 lm/m2, whereas it would be perceived as
distinctly bright at 1000 lm/m2. In addition to
linking illuminance levels to the generic
descriptions of perceived appearances, the
underlying theories often require advanced
mathematical knowledge which makes the
models of Lynes and Cuttle less intuitive for
architects and designers alike to comprehend,
and thus less readily applicable.

1.3 Assessment procedures
Through mapping the complex pathways

among lighting and visual conditions and
behavioural effects, several attempts have
been made to develop linked-mechanism

maps to understand the effects of environ-
mental and behavioural factors on the per-
ceptions of luminous conditions and the
feelings of competence, health and wellbeing.
Guided by a set of concepts, step-by-step
procedures and standardised assessment
scales and scoring measures, Boyce et al.
and Veitch et al., for example, executed field
experiments to examine the multi-dimensional
linkages among the perceptual aspects of
light.7,8,39 Using Wyon linked mechanisms
maps, they observed that spatial attractive-
ness, mood, health, well-being, satisfaction,
work engagement and behaviour could all to
some extent be predicted through lighting
appraisal. Motivation could be predicated by
visual capabilities, and task performance
could be predicated by using lighting apprai-
sals combined with visual capabilities.7,39 In a
separate study, Borisuit et al.40 found that
there are potential relationships between
visual comfort, mood, alertness, well-being
and lighting conditions, supporting the find-
ings of Boyce et al. and Veitch et al. The
highly robust way of formulating such studies
and the thoroughly systematic nature of the
relationships might, however, mislead practi-
tioners into thinking lit environments are
evaluated by means of behavioural checklists.
Any complementary relationships that might
exist between multiple subjective aspects of
light might get overlooked. Furthermore, the
lack of contextual variables might fail to
guide researchers and practitioners to exam-
ine specific environments – other than real
and experimental office conditions.

Clearly, there is no one-size-fits-all frame-
work for lighting evaluation. Likewise, it
would be inappropriate to follow recom-
mended light measurements blindly in any
application, as they rarely reflect the complex
lighting requirements of the built environ-
ment. Extending our work that evaluated the
perceived qualities of concert lighting at
Cambridge King’s College Chapel,41 this
paper presents the development of an
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integrated approach for evaluating its overall
impression. Note that the choice of the
context was driven by a need to provide the
College with a lighting appraisal for evaluat-
ing users’ concert experience in the chapel.
This study was designed to address the
shortcomings discussed above by examining
a real and complex luminous environment,
developing analytical methods with emphases
on occupants’ roles and their luminance
requirements and adopting a bottom-up
approach to evaluating lighting impressions
to identify any subtle observations.

2. Methods and procedures

2.1 Previously completed lighting experiments
Lighting experiments were previously per-

formed in the chapel with its performance space
of 139 m2 transformed into an experimental
setting – populated with dummies,42 concert
stands and seats – in which 78 participants
evaluated four different electric lighting condi-
tions for concerts (Figure 1 and Table 2) using a
set of structured questionnaires.41 The partici-
pants were students and staff recruited from
across the University of Cambridge, with the
majority of them (66.67%) from age 21 to 30
(10.26% from under 21; 14.10% from age 31 to
40; 6.41% from age 41 to 50; 2.56% from over
51). With a variety of training backgrounds –
architecture, engineering, science, arts, music
and others – 56.41% of the participants stated
they can play musical instruments and 46.15%
of the participants had been a member of a
choir, an orchestra or a band.Most of them had
previously visited the chapel. Only a few of them
(King’s College members) had spent more time
in the chapel before the experiment than during
it. Each participant took part in two experi-
mental sessions. In each session, they were
instructed to assess the visual conditions at one
of the six viewing positions (spots O and A –
audience members; spot B – the conductor;
spots C, D and E – musicians (Figure 1)). With
rig lighting (i.e. setting IV) being a control

setting, they were asked to compare each of the
test settings against the control setting.
Depending on the position, the questions were
tailored according to the participant’s role but
broadly focused on four aspects: visual clarity,
light distribution, spatiality and overall impres-
sion. For the audience participants, for example,
they were asked, ‘How appropriate is this visual
environment for your enjoyment of the con-
cert?’; for the conductor and musician partici-
pants, they were asked, ‘How appropriate is this
visual environment for your performance of the
concert?’ The difference in the questions asked
was to highlight that lighting requirements vary
among different types of occupants. To guide
the participants through the evaluation process,
the questionnaires contained factual and higher
level questions along with seven-point semantic
differential scales for them to make ratings.
Altogether, 624 responses were collected from
across the viewing positions.

2.1.1 Subjective attributes
Six subjective attributes were selected in

accordance with the attributes commonly used
to evaluate concert acoustics and with refer-
ence to the classic attributes of lighting: visual
acuity, visual balance, visual uniformity,
brightness, spatial intimacy, appropriateness/
comfort and overall impression. The defin-
itions of these attributes are given in Table 3.

2.1.2 Objective measures
Using high-dynamic-range imaging, we

collected luminance data from the six viewing
positions. To facilitate data extraction, we
created binary masks in relation to the
structure of the visual field and spatial hier-
archy in order to make sense of the data.41

Having extracted and synthesised the data, we
then derived 22 objective measures and
categorised them into four groups – visual
acuity, uniformity, brightness and light pat-
tern – to describe the visual scenes in this
study. The physical measures were first clas-
sified by the unit, magnitude and nature of
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Table 2 Four light settings: Setting I: Interim Lighting; Setting II: Interim Plus; Setting III: All Lighting; Setting IV: Rig
Lighting (control setting) (Refer to the previous paper for full specification details41)

Light Setting Light fittings for the performance space

1.
Crown uplights
(100 w
� 4 nos.)

2.
Screen lights
(100 w
�9 nos.)

3.
Peripheral lights
(320 w
�4 nos.;
16 w�4 pairs)

4.
Overhead
spotlight
(320 w
�1 no.)

5.
Overhead
rig lights
(75 w
� 28 nos.)

I: Interim lighting � � �

II: Interim plus � � � �

III: All lighting � � � � �

IV: Rig lighting � � � �

266 VWL Lo and KA Steemers
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Figure 1 Experimental setting and the six viewing positions: Spot O: Audience member, back row; Spot A: Audience
member, front row; Spot B: The conductor, at the centre of the performance space; Spot C: Musician, near to the side of
the performance stage; Spot D: Musician, towards the rear of the performance stage; Spot E: Musician, in the far back
corner of the performance stage

Table 3 Definitions of the six subjective attributes are selected specifically for the study of concert lighting at the King’s
College Chapel (partially published in a previous paper41)

Attributes Definitions

Visual clarity Perceived distinctiveness of visual details ability to see spatial details; ability to
see the performers and audience members; ability to read the music sheets
and concert programmes

Visual uniformity Spatial distribution of light patterns to reveal visual details of interest and
activities

Visual balance Balance between dark and light; balance between different parts of the luminous
environment

Brightness Relative intensity of light
Spatial intimacy Impression of extroverted or introverted activities
Appropriateness/comfort Subjective appropriateness of a lighting condition and visual comfort in a

lighting environment
Overall impression Overall lighting quality of the chapel

Evaluating overall impression: An integrated approach 267
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their corresponding numerical expressions.
The physical levels of the measures were
then examined to determine if there were
specific patterns among the light settings.
Only then were correlation coefficients calcu-
lated for all the measures and similarities
among them sought.41,43,44 The definitions of
these measures and their associated subjective
attributes are given in Table 4.

2.2 Analytical methods
The complexity of the luminous environ-

ment and the exploratory nature of the study
prompted the formulation of a bottom-up
approach to analysing the connections
between the subjective attributes and

physical-measurement-based objective meas-
ures. Our previous study showed that percep-
tions of visual clarity, visual uniformity,
brightness and spatial intimacy were signifi-
cantly intercorrelated with the objective meas-
ures.41 The perception of a luminous
environment never depends on just a single
factor. To understand the uniqueness of the
measures, we first performed a collinearity test
for all the subjective attributes (visual clarity,
visual uniformity, visual balance, brightness,
spatial intimacy, appropriateness/comfort and
overall impression) to ensure their discrimin-
ant validity and the reliability of the subse-
quent regression analysis. As with other
building research studies (Table 5), the

Table 4 Definitions of the objective measures selected (Originally published in a previous paper41)

Group 1: Visual acuity
TLum Sheets avg Average target (music sheets or programmes) luminance value
BkLum -Sheets avg Average background luminance value: Luminance distribution of a full visual

field minus that of the music sheets or programmes
TLum Stage avg Average target luminance value on the stage
BkLum -Stage avg Average background luminance value: Luminance distribution of a full visual

field minus that of the stage
VA Sheets Visual acuity: Ability to discern fine details of the music sheets or programmes

(TLum Sheets avg:BkLum -Sheets avg)
VA Stage Visual acuity: Ability to discern fine details on the stage

(TLum Stage avg:BkLum -Stage avg)
LC Sheets Luminance contrast: Luminance difference between the background luminance

and the luminance on the music sheets/ programmes
Group 2: Uniformity

((LLMavgþ LRMavg)/2):LBavg A ratio of average luminance seen through the left and right monocular fields to
average luminance seen through the binocular field

LLMavg:LRMavg A ratio of average luminance seen through the left monocular field to that seen
through the right monocular field

LLMstd:LRMstd A ratio of the standard deviation of luminance seen through the left monocular
field to that seen through the right monocular field

Group 3: Brightness
Lvar Variation of luminance of a full visual field
Lavg Average luminance of a full visual field
RLavg Average of the relative luminance values
RLstd Standard deviation of the relative luminance values

Group 4: Light pattern
AreaLight patches After binarising a coloured image into a two-level greyscale image based on its

mean intensity value, this variable is obtained by counting the total number of
white pixels of the two-level greyscale image.

Euler number Calculated by pixel connectivity, this variable computes the number of regions
detected within an image. The higher the Euler number (i.e. light patches), the
more scattered is the luminance field.

Light:Dark Total number of white and black pixels of a two-level greyscale image
Perimeter Total length of the outer edges around the white areas of a two-level greyscale

image
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variance inflation factor (VIF) was used to
quantify the extent to which independent
variables were intercorrelated.45

Ranging from 1.00 to infinity, a smaller
value of VIF indicates that the variables studied
are less prone to collinearity. It was anticipated
that there would be strong collinearity between
the explanatory variables, especially in the case
of the overall analysis where data and responses
were pooled regardless of the occupant’s role,
as the model fit would become more sensitive
due to the greater variability among the data.
This would make it difficult to optimise the fit
between the measured and predicted responses
to produce meaningful results. A more lenient
threshold of 10 was therefore set for the
collinearity tests, followed by an iterative
ordered logistic regression analysis to establish
relationships between predictors and outcome
variables for the development of an integrated
approach. The settings were then compared by
organising them into three contrast groups
based on their similarities, aiming to pinpoint
which group exhibited the largest difference in
mean responses.

3. Results and discussions

3.1 The presence of collinearity
In the regressions for the audience mem-

bers and musicians, the explanatory variables

were entered into the models using the order
of the four main groups of the physical
parameters (Group 1: Visual Acuity; Group
2: Uniformity; Group 3: Brightness; Group 4:
Light Patterns), as shown in Table 6. These
groups were defined by the characteristic and
explanatory role of each measure.44 To justify
the groupings, the Pearson correlation coeffi-
cient of each pair of measures was calculated
to determine the similarities and differences
among them. The differences in the different
occupant’ lighting requirements were taken
into consideration in the selection process.
Some of the measures were rejected because
of their weak ability to predict a subjective
attribute, and/or because of their lack of
relevancy to the occupants’ requirements in
this particular setting. In the case of the
audience members, for example, the variables
related to visual acuity, uniformity and
brightness were found to account for much
of the variation in visual clarity; adding a
light pattern-related measure failed to reveal
any statistically significant contribution to the
variance.

The cases involving more than one variable
from the same group were visual uniformity
and overall impression for the musicians, and
visual clarity, visual balance, visual uniform-
ity, appropriateness/comfort and overall
impression for the overall analysis (i.e. all
occupants model). As might be expected,

Table 5 Collinearity thresholds applied in published building studies

Threshold Area of research Researcher

VIF� 5 is acceptable;
5�VIF�10 is moderately accept-
able; VIF� 10 is unacceptable

Energy consumption and sustainable
architecture

Tzikopoulos et al.46

VIF� 3 is unacceptable Thermal comfort and indoor air quality Cho and Awbi47

VIF� 5 is unacceptable Sustainability, environment and social science Knight and Rosa48

VIF45 is unacceptable Thermal comfort, indoor air quality, thermal
sensation and occupant perceptions

Kim and de Dear 49,50

VIF� 10 is unacceptable Thermal comfort, indoor air quality, thermal
sensation and occupant perceptions

Sun et al.51

Not specified Thermal comfort, indoor and outdoor air quality,
thermal sensation and occupant perceptions

Schiavon and Lee52

VIF� 10 is unacceptable Building energy consumption and performance Valovcin et al.53
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increasing the number of explanatory vari-
ables increased the likelihood of collinearity
as a result of the overlapping nature of the
variables (Figure 2). The audience members

(VIFavg¼ 2.52) and the conductor
(VIFavg¼ 2.47) models all had VIFs well
below the threshold value; meanwhile, the
musicians models had VIFs just below the

Table 6 Objective measures selected by role for subjective attributes

Selected independent variable (Obj.)

Subj. Role Group 1:
Visual acuityb

Group 2:
Uniformity

Group 3: Brightness Group 4:
Light pattern

Visual clarity Am VA Stage (1st) LLMavg:LRMavg (2nd) Lavg (3rd) –
Co VA Sheets (2

nd) – – AreaLight patches (1
st)

Mu VA Stage (1st) LLMavg:LRMavg (2nd) RLstd (3rd) Perimeter (4th)
All VA Stage (1st)

VA Sheets (2
nd)

LLMavg:LRMavg (3rd) Lavg (4th) RLstd (5th) AreaLight patches (6
th)

Perimeter (7th)
Visual balance Am LC Sheets (1

st) LLMavg:LRMavg (2nd) – Light:Dark (3rd)
Co – ((LLMavgþ LRMavg)/2):

LBavg (2nd)
– Light:Dark (1st)

Mu – LLMavg:LRMavg (1st) RLavg (2nd) Light:Dark (3rd)
All LC Sheets (1

st) LLMavg:LRMavg (2nd)
((LLMavgþ LRMavg)/2):
LBavg (3rd)

RLavg (4th) Light:Dark (5th)

Visual uniformity Am – – RLavg (1st) Euler Number (2nd)
Co – ((LLMavgþ LRMavg)/2):

LBavg (2nd)
– Euler Number (1st)

Mu – LLMavg:LRMavg (1st)
Lvar (2

nd)
RLavg (3rd) –

All – ((LLMavgþ LRMavg)/2):
LBavg (1st)

LLMavg:LRMavg (2nd)
Lvar (3

rd)

RLavg (4th) Euler
Number (5th)

Brightness Am – LLMstd:LRMstd (1st) RLstd (2nd) – –
Co – LLMstd:LRMstd (2nd) – Light:Dark (1st)
Mu – LLMstd:LRMstd (1st) RLstd (2nd) Light:Dark (3rd)
All – LLMstd:LRMstd (1st) RLstd (2nd) Light:Dark (3rd)

Spatial intimacy Am – LLMavg:LRMavg (1st) Lavg (2nd) –
Co – LLMavg:LRMavg (3rd) Lavg (2nd) Light:Dark (1st)
Mu – LLMavg:LRMavg (1st) Lavg (2nd) Light:Dark (3rd)
All – LLMavg:LRMavg (1st) Lavg (2nd) Light:Dark (3rd)

Appropriateness/
Comfort

Am VA Stage (1st) LLMstd:LRMstd (2nd) RLstd (3rd) –
Co – ((LLMavgþLRMavg)/2):

LBavg (1st)
RLstd (3rd) AreaLight patches (2

nd)

Mu – LLMavg:LRMavg (1st) RLstd (2nd) –
All VA Stage (1st) ((LLMavgþLRMavg)/2):

LBavg (2nd)
LLMstd:LRMstd (3th)
LLMavg:LRMavg (4th)

RLstd (5th) AreaLight patches (6
th)

Overall Impression Am VA Stage (1st) LLMstd:LRMstd (2nd) –
–

Light:Dark (3rd)

Co VA Stage (3rd) LLMstd:LRMstd (1st) – Light:Dark (2nd)
Mu VA Stage (1st) ((LLMstdþLRMstd)/2):LBstd (2nd)

LLMstd:LRMstd (3rd)
– Light:Dark (4th)

All VA Stage (1st) ((LLMstdþLRMstd)/2):LBstd (2nd)
LLMstd:LRMstd (3rd)

– Light:Dark (4th)

Am: audience members; Co: conductor; Mu: musicians; All: all occupants; Subj. : subjective attributes; Obj.: objective
measures.
aith: Order of a multiple regression coefficient (see Figure 2).
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threshold (VIFavg¼ 9.29). The issue of collin-
earity was the most severe in the overall
analysis (i.e. all occupants) (VIFavg¼ 49.90).
The largest VIF was found for

appropriateness/comfort, where the VIFs for
the third (LLMstd:LRMstd) and fourth vari-
ables (LLMavg:LRMavg) were 845.42 and
826.91, respectively, which is unsurprising

Visual Clarity

Key:
Regression order
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Figure 2 Variance inflation factors of the objective measures by occupant’s role. The regression order of an
independent variable is indicated by the greyscale bar. (Refer to Table 6 for the corresponding measures; IV:
independent variable)
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given those variables belong to the same
group and have similar constructs. The
former was calculated from the standard
deviation of the luminance levels; the latter
was from the average luminance levels.
Because lighting requirements vary from role
to role, it was determined that none of these
variables could be excluded in order to
minimise the risk of omitting important
explanatory terms.

Using subjective attributes as explanatory
variables (Table 7) appeared to alleviate
collinearity for the visual balance, appropri-
ateness/comfort and overall impression
models, which all had VIFs well below the
threshold (Figure 3). For audience members,
the conductor and musicians, the overall
average VIFs for visual balance, and appro-
priateness/comfort were reduced by 12% and

24%, respectively. A substantial reduction of
67% was found for overall impression as well.
The changes follow similar patterns in the
overall analysis, but with a more pronounced
decrease in the VIFs. The overall average
VIFs for visual balance, appropriateness/
comfort and overall impression were
reduced significantly by 69%, 99% and
71%, respectively.

3.2 Model validation
The validity of the models was examined

by performing model fitting tests and pro-
portional odds assumption tests using the
concepts of likelihood-ratios. From the first
analysis using the objective measures as inde-
pendent variables, two fitted models for
musicians (visual balance: �2¼ 4.89, p40.05;
and appropriateness/comfort: �2¼ 3.58,

(IVs = Objective measures)(IVs = Objective measures)
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Figure 2 Continued

Table 7 Subjective attributes used as the independent variables predicting visual balance, appropriateness/comfort
and overall impression in the supplementary analyses

Dependent variable Independent variable (subjective attribute)

Visual balance Visual clarity (1st), visual uniformity (2nd), brightness (3rd), spatial
intimacy (4th)

Appropriateness/comfort Visual clarity (1st), visual balance (2nd), visual uniformity (3rd),
brightness (4th), spatial intimacy (5th)

Overall impression Visual clarity (1st), visual balance (2nd), visual uniformity (3rd),
brightness (4th), spatial intimacy (5th), appropriateness/com-
fort (6th)
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p40.05) and two other fitted models for
audience members (appropriateness/comfort:
�2¼ 1.51, p40.05; and overall impression:
�2¼ 0.90, p40.05) fail to display significant

improvement over the general models
(p� 0.05). Using the subjective attributes as
independent variables, one immediate obser-
vation is that all the model-fitting tests are
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Figure 3 Variance inflation factors for the objective (left) and subjective explanatory variables (right) for visual balance,
appropriateness/comfort and overall impression by occupant’s role. Refer to Tables 6 and 7 for the corresponding
measures; IV: independent variables
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significant (p� 0.05). Using the subjective
attributes as predictors appears to have a
more appreciable effect on the models than
using the objective measures. Using the sub-
jective attributes, however, fails to remedy the
lack of fit for visual balance, appropriateness/
comfort and overall impression (Table 8).
Even though the models could be considered
statistically significant at the �� 0.05 level –
only three of them (visual balance – con-
ductor; appropriateness/comfort – musicians;
and overall impression – musicians) passed
the goodness-of-fit test where notable

differences between the observed responses
and the fitted values could be identified. The
more degrees of freedom could have degraded
the model fit owing to the greater variability
among the data. Meanwhile, the rest of the
models (p40.05) indicate that the responses
to the four lighting conditions display similar
patterns, providing no useful evidence about
the relationships between the selected pre-
dictors and the responses. Among the satis-
factory models, only the visual balance model
for the conductor and the overall impression
model for musicians met the proportional

Table 8 Comparison of fit statistics for the ordered logistic regressions by role using objective measures (top)
(published in a previous paper41) and using subjective attributes (bottom) as independent variables (IVs)

Model fitting Goodness-of-fit Proportional odds

Chi-squarea,b Degrees of
freedom

Sig. Fitc Chi-
squared,b

Degrees of
freedom

Sig. Chi-
squaree,f

Degrees of
freedom

Sig.

Subjective attribute (IVs ¼ Objective measures)
Visual Balance Am 12.68** 4 0.01 3 51.24** 31 0.01 37.78*** 16 0.00

Co 10.71** 2 0.01 3 11.43ns 10 0.33 5.62ns 6 0.47
Mu 4.89ns 5 0.43 � 59.98* 39 0.02 21.41ns 15 0.12
All 20.54* 10 0.03 - 171.6*** 105 0.00 46.70ns 40 0.22

Appropriateness/Comfort Am 1.51ns 4 0.83 � 30.96ns 38 0.78 25.30ns 20 0.19
Co 17.68*** 3 0.00 3 17.00ns 12 0.15 20.58ns 12 0.06
Mu 3.58ns 4 0.47 � 85.31* 62 0.03 33.02ns 20 0.03
All 43.51*** 11 0.00 3 150.87ns 127 0.07 96.62*** 55 0

Overall Impression Am 0.90ns 4 0.93 � 41.74ns 38 0.31 28.25ns 20 0.10
Co 21.67*** 3 0.00 3 17.93ns 12 0.12 23.13ns 12 0.03
Mu 15.56** 5 0.01 3 78.92ns 61 0.06 11.50ns 25 0.99
All 33.17*** 9 0.00 3 169.79** 129 0.01 65.86ns 45 0.02

Subjective attribute (IVs ¼ Subjective attributes)

Visual Balance Am 177.1*** 5 0.00 3 2200*** 1020 0.00 16.67ns 20 0.67
Co 92.65*** 4 0.00 3 347.1ns 400 0.97 11.57ns 12 0.48
Mu 240.7*** 6 0.00 3 1878*** 1238 0.00 25.97ns 18 0.10
All 177.7*** 5 0.00 3 1754*** 823 0.00 19.37ns 15 0.20

Appropriateness/Comfort Am 171.7*** 6 0.00 3 1482*** 1230 0.00 44.63ns 30 0.04
Co 85.96*** 5 0.00 3 567.49* 510 0.04 1.36ns 20 1.00
Mu 208.7*** 7 0.00 3 1564ns 1859 1.00 62.12** 35 0.00
All 456.8*** 10 0.00 3 4374*** 3722 0.00 101.92** 50 0.00

Overall Impression Am 337.6*** 7 0.00 3 2964*** 1229 0.00 28.80ns 35 0.76
Co 146.1*** 6 0.00 3 842.8*** 509 0.00 192.80** 24 0
Mu 374.2*** 8 0.00 3 1553ns 1858 1.00 42.83ns 40 0.35
All 858.9*** 11 0.00 3 5020*** 3721 0.00 70.00ns 55 0.08

Am: Audience Members; Co: Conductor; Mu: Musicians.
a Difference between the maximised log-likelihood for the fitted model and that for the general model ¼ (-2(L0-L1))
b *** p � .001; ** p � .01; * p � .05; ns p4 .05; underscore indicates unsatisfactory model fit
c (3) indicates satisfactory model fit; (-) indicates weak model fit; (�) indicates unsatisfactory model fit
d Pearson’s chi-square
e Difference between the maximised log-likelihood for the null model and that for the fitted model ¼ (-2(Ln-Lf))
f *** p � .001; ** p � .01; ns p4 .01; underscore indicates different slope coefficient for each of the odds
Note: Bold text indicates a model which passes the model-fitting (p �.05) goodness-of-fit (p4.05) and proportional odds
tests (p4.01).
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odds assumption, indicating that the odds
ratio estimates appear to show homogeneity
across the response categories.

Taken together, when considering the
responses of the audience members, the con-
ductor and the musicians separately, more
models yielded more satisfactory results,
highlighting the importance of evaluating
lighting impressions by role. By contrast,
when considering all the subjective attributes,
as in the case of all occupants (i.e. overall
analyses), the models appeared to be rather
vulnerable to the goodness-of-fit and propor-
tional odds tests. Nevertheless, the overall
analyses were considered useful as they pro-
vided high-level insight into the relationship
between the subjective attributes and the
explanatory variables.

3.3 Lighting condition effects
Our previous work has shown that percep-

tions of visual clarity, visual uniformity,
brightness and spatial intimacy are signifi-
cantly intercorrelated with physical meas-
ures.41 This paper focuses on the findings
obtained from the ordered models for visual
balance, appropriateness/comfort and overall
impression. The separate odds ratios for these
three attributes are presented as cumulative
proportion plots in Figure 4.

3.3.1 Visual balance
Knowing that the conductor is the only

case that satisfies all the assumptions, it
should come as no surprise that the plots for
audience members, musicians and all occu-
pants fail to exhibit consistent patterns.
Rather, the cumulative curves lie close
together with some overlapping, especially in
the case of the settings without the rig lights
(settings I and II) and the overhead spotlight
(setting I) for musicians. The close proximity
of the curves indicates that the perceived
effects of the light settings were all strikingly
similar. Changes in the magnitude of the
measures did not appear to have any obvious

relationship. This was evident in the responses
of musicians and all occupants. Still, higher
values of RLavg and Light:Dark were more
likely to attract lower ratings. For the con-
ductor, however, the highest probabilities of
lower ratings in the setting with the peripheral
lights only (setting I is 4.39 times the odds of
setting IV [control]) are clearly attributable to
the highest level of ((LLMavgþLRMavg)/
2):LBavg and the lowest level of Light:Dark
in that setting.

The lack of distinctiveness among the
curves shows that the change of light settings
has little influence on the perception of
appropriateness/comfort. Since the differ-
ences among the four light settings were not
extreme, it is plausible the subjects might have
found it difficult to determine the degree of
appropriateness and comfort of the settings.
For the conductor, however, the curve for
setting I deviates significantly from the others.
The odds of this setting with the peripheral
lights only are approximately 6.43 times those
of the one with the overhead rig lights and
overhead spotlight (setting IV [control]). A
slight increase in ((LLMavgþLRMavg)/
2):LBavg and a moderate increase in
AreaLight patches and RLstd appear to attract
lower ratings at the conductor’s position. No
meaningful relationships were found for audi-
ence members, musicians or all occupants.

3.3.3 Overall impression
The curves based on the observed data

appear to be peculiar in shape, reflecting the
disparity among the responses.
Notwithstanding the inconsistency, the
models for the conductor and musicians
pass all the assumption tests. For the con-
ductor, the setting with the peripheral lights
only (setting I) appears to have the highest
probabilities of attracting lower ratings. The
odds of such setting are 9.23 times those of
setting IV (control). It follows that the setting
with the overhead rig lights and overhead
spotlight (setting IV [control]) was more likely
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Figure 4 Cumulative proportion plots for visual balance, appropriateness/comfort and overall impression. ‘Obj.’
denotes independent variables are objective measures; ‘Subj.’ denotes independent variables are subjective attributes
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to attract higher ratings for the overall
impression. Yet for musicians and all occu-
pants, the setting with the peripheral lights
only (setting I) is more likely to be linked with
the lower response categories.

To understand the strength of the relation-
ship between the subjective attributes and the
variables, PseudoR2

N values were computed
for each model (Figure 5). As previously
reported, the combination of the predictors
has its strongest relationship with perceived
brightness, followed by visual clarity, spatial
intimacy and visual uniformity.41 It is unsur-
prising to find that the regression relationship
is quite weak for visual balance (average
R2

N¼ 0.05; standard deviation (S.D.)¼ 0.03),
appropriateness/comfort (average R2

N¼ 0.05;
S.D.¼ 0.06) and overall impression (average
R2

N¼ 0.07; S.D.¼ 0.07). Moreover, the results
suggest that the strongest relationship is that
of the conductor (average R2

N¼ 0.26;
S.D.¼ 0.12), followed by audience members
(average R2

N¼ 0.19; S.D.¼ 0.16) and musi-
cians (average R2

N¼ 0.13; S.D.¼ 0.11).

Overall, the average strength of the models
for all occupants (average R2

N¼ 0.16;
S.D.¼ 0.11) is just slightly greater than that
for musicians.

When the strength of the relationship is
measured using the subjective attributes, as
opposed to using the objective measures, an
increase in strength can be observed with
respect to visual balance (11.2 times greater),
appropriateness/comfort (9 times) and overall
impression (10 times). Similarly, there is a
reduction in the variance in all cases, with the
most for the conductor (13%) and audience
members (48%) the least.

3.4. Higher and lower levels of perception
Together with our significant findings for

the subjective attributes of visual clarity,
visual uniformity, brightness and spatial
intimacy,41 Figure 6 summarises the overall
relationship between the attributes and the
explanatory variables found for the chapel.

Two informative observations emerge from
the interrelationship diagram. First, some
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perceived qualities were directly recognised by
one’s visual senses depending on the presence
and type of visual stimuli, while others were
indirectly associated with the visual stimuli.
This seems to corroborate Zeki’s theory that
vision is an active and creative process
through which the brain tries to interpret a
visual attribute without accounting fully for
any actual differences in luminance.54 Second,

the process of lighting perception appears to
be bi-level. At the first level of perception, as
highlighted by the significant subjective-
objective connections, the perceived qualities
(visual clarity, brightness, visual uniformity
and spatial intimacy) seem to have a more
apparent relation between visual sensations
and physical measures, focusing on identify-
ing and responding to brightness patterns,

OBJECTIVE MEASURES SUBJECTIVE ATTRIBUTES Subjective variables (alternative predictors)
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facial characteristics, objects and the wider
spatial context. At the second level of per-
ception, as suggested by the non-significant
subjective-objective connections but signifi-
cant subjective-subjective connections, the
perceived qualities (visual balance, appropri-
ateness/comfort and overall impression) are
associated more with the intricacies of the
physical stimuli that are often complicated by
the occupants’ knowledge and experiences –
these are higher order variables as described
by Flynn et al.55 Such higher level qualities
are apprehended by attaching meaning to the
physical stimuli and context. This observation
appears to be well substantiated by Gregory’s
‘ins-and-outs’ theoretical model, which
emphasises that top-down knowledge (i.e.
conceptual and perceptual) and sideways
rules play a more integral part than bottom-
up signals do in the process of visual percep-
tion.56 It is also plausible that the occupants’
state of mind plays a part in the process
whereby, as Zeki and Bartels hypothesised, a
conscious dimension is involved in perceiving
and understanding a visual scene, and that
different visual stimuli are perceived

consciously at different times using different
processing systems that are spatially distrib-
uted, functionally specialised and temporally
asynchronous, leading to various visual
experiences.57

3.5 Overall impression
The results of the statistical analyses con-

firm the potential of the integrated approach,
providing useful insight into the subjective–
objective connections. How much variation in
the overall perceptions was created by the test
settings as compared with the control setting?
Considering all the responses, the result of the
Levene test indicates that the data set violates
the assumption of homogeneity of variance
(Levene statistic¼ 11.267, p� 0.005), which
means that the variances of the four settings
are significantly different. The results of a
Dunnett test show that setting I (peripheral
lights only) elicited a significantly lower mean
overall impression rating than the control
setting (with the rig lights and overhead
spotlight) (p� 0.05). In fact, these findings
are consistent with those reported by Loe
et al. in that combining various types of light
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fitting is more likely to create a more pleasant
luminous environment.58

Having identified the pairs of settings with
significant differences, their magnitude was
gauged by computing Cohen’s d.45 The mean
overall impression rating for setting II was
0.407 standard deviations better than for
setting I. That accounts for 17% of the total
variance and is considered to be a moderate
to strong effect on the rating. The mean
overall impression rating for setting IV was
0.304 standard deviations greater than for
setting I. That accounts for 9% of the total
variance and is considered a small to moder-
ate effect. As shown in Figure 7, while the
difference between settings II (with peripheral
lights and an overhead light) and IV (with the
rig lights and an overhead spotlight) is not
significant, the former appears to have the
highest mean rating among all the test
settings. This can be attributed to the greater
sense of diversity in the lit environment
induced by the combination of direct and
diffuse light. It is also worth noting that some
of the individual mean ratings – for example,
at the conductor’s viewing position under
setting I and at the musician’s positions (side
and rear) under setting III – appear to be
slightly higher than the overall highest mean
rating, indicating that the overall mean rating
needs to be interpreted with caution.

To obtain a more general understanding of
what changes in the lighting arrangements
constitute a significant difference, three con-
trast groups were formulated to compare: (1)
the control setting to the test settings; (2) the
settings with and without the rig lights; and
(3) the settings with and without the overhead
lamp above the conductor’s podium
(Figure 8). One-way analysis of variance was
performed to test the significance of the
observed differences in the means without
assuming equal variances.

For the first contrast group, the mean
overall impression rating for the control
setting proved not significantly different

from that of the test settings (t
[337.878]¼ 0.755, p¼ 0.451). For the second
contrast group, the mean overall impression
rating for the settings without the rig lights
(i.e. settings I and II) was again not signifi-
cantly different from that for setting III with
them (t [290.977]¼ 0.688, p¼ 0.492). For the
third contrast group, however, the mean
overall impression rating for the setting with-
out the overhead lamp (setting I) was signifi-
cantly different from that for setting II with it
(t [303.029]¼ 3.595, p� 0.001).

Taken together, the findings seem to sug-
gest that removing the rig lights completely
had a noticeable effect on overall satisfaction
with the luminous environment. Contrary to
what one might expect, installing additional
peripheral lights (spotlights) on the walls did
not yield any significant improvement. In
fact, their mean ratings were almost equal.
Yet, the variation in responses for all lighting
was somewhat larger. In particular, the
ratings for the audience member (spot A) in
the front and the conductor (spot B) appear
to be much lower for the setting with all the
lights on (Figure 7). Increasing the overall
lighting intensity in the chapel did not prove
to be an effective way to improve the overall
satisfaction. Indeed, considering the lighting
effect created by the additional lamps alone
(i.e. setting I – interim lighting), there is a
much higher likelihood of generating a lower
level of satisfaction. Adding the overhead
lamp to setting I (i.e. setting II) appears to be
an effective way to improve user satisfaction
generally, as evidenced by its highest mean
rating but small variation. In any case, the
subjects were able to detect the differences in
overall impression between the settings des-
pite their subtleness.

4. Conclusions

This paper presented the development and
applicability of an integrated bottom-up
approach for the evaluation of the overall
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impression of concert lighting for the King’s
College Chapel. The approach sought to
establish relationships between the subjective
attributes and objective measures of light,
producing an overall rating for complex
settings. The subjective attributes were first
scrutinised in detail by occupant’s role and
then generalised through data aggregation. In
this way, unreliable data and variables that
might lead to unsatisfactory or simply weak
results were identified with greater confi-
dence. The connections were best explained
for the conductor and weakest for musicians.
The overall analysis is more prone to ill-
defined models because it essentially disre-
gards the differences among the roles, leading
to much greater variation and uncertainty.
The predictive power for the models of visual
balance, appropriateness/comfort and overall
impression was relatively weak. Choosing the
subjective attributes as the predictors, how-
ever, led to a substantial increase in strength.

Providing an acceptable level of light is
largely an issue of functionality. What can
one measure that is useful enough to under-
stand lighting quality? Can that be quanti-
fied? The answers to these questions are
positive, but there are only a few answers to
the first. The intercorrelations among the
subjective and objective variables examined
here suggest that the perceptual process is bi-
level. Higher level perceived qualities (visual
balance, appropriateness/comfort and overall
impression) are accounted for not by object-
ive measures but by lower level subjective
attributes (visual clarity, brightness, visual
uniformity and spatial intimacy) which could
be satisfactorily explained by the measures.

Given that the selection of attributes and
measures plays a part in determining the
extent of the correlations, the next question to
consider is how the process of selection can be
optimised in order to identify the most
relevant variables. The measures chosen for
this study underwent a rigorous and iterative
selection process, from grouping based on the

unit and construct of the measures, identify-
ing possible intercorrelations, to finalising the
selection based on lighting requirements as a
means of justification. Above all, the consid-
eration of the classic theorems and functions,
including the seminal work of Blackwell and
Flynn, guided the process.23,55 It is recom-
mended that future studies should consider
setting out selection criteria based on users’
lighting requirements in accordance with the
type of lit environment examined as the first
step, as well as making references to the
measures and attributes used in previous
studies of a similar setting, followed by a
series of correlation analyses to confirm the
selection. These steps are necessary to ensure
that the choice of measures is commensurate
with specific settings, occupant types and
applications. Moreover, the null results
found for the subjective–objective relations
and the statistically significant results found
for the subjective–subjective relations suggest
that future studies may identify relevant
attributes through a three-way examination
starting with the intercorrelations between
potential high-level and low-level subjective
attributes, and then between low-level attri-
butes and measures, followed by the intercor-
relations between high-level attributes and
measures. Not only could this better facilitate
the selection of predictors, but it could also
provide some useful insights into both inter-
and intra- relations between the attributes
and measures; the latter would likely be
neglected otherwise.

Comparing the overall lighting impressions
has offered an informative account of the
changes brought about by various lighting
configurations. Setting I (peripheral lights
only) was the worst rated, whereas setting II
(peripheral lights with an overhead spotlight)
was the best rated. Another key finding is that
maximising the luminous intensity in the
chapel did not seem to improve the overall
impression. However, removing the rig lights
and providing directional light at the
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conductor’s spot appear to be a viable way of
achieving a higher level of satisfaction.

Field studies offer a much higher level of
realism than laboratory studies that use
mock-up rooms, unoccupied spaces, static
photographs or rendered images. However,
the process of testing methods and developing
approaches in a real setting is costly and time
consuming, not to mention the various feasi-
bility, technical and logistical issues arising
from constructing an experimental scene. As
with all research, the integrated approach
developed is not without limitations. Using
the chapel as a real setting for the methodo-
logical developments raises questions about
the pragmatism of integrating the approach at
early design stages.

The approach, as demonstrated in this
study, can be readily applied to evaluate
existing and complex lit environments, but
may pose a technical challenge on informing
lighting design decisions especially for build-
ings prior to construction. Ideally, if we
evaluate every building typology and establish
a repository of precedents and data, we can
compile a database of recommended meas-
ures and magnitudes to serve as benchmarks
for design. Not only would this be a mam-
moth and tedious task, but it would also be
burdensome to keep up with the evolving
lighting needs and requirements in response
to the rapidly changing world. However, the
emergence of immersive virtual, augmented
and mixed realities brought about by techno-
logical innovations presents opportunities to
make the assessment of physical measures
possible at the concept design stage, facilitat-
ing the prediction of perceived impressions
and expectations. Several attempts have been
made to validate the application of immersive
virtual environments to evaluate visual per-
ceptions, although they have been limited to
simple settings.59–61 The sense of realism and
presence in an immersive virtual environment
was reported to be closest to a real
environment when compared with using

photographic media to simulate it.62

Nevertheless, caution must be exercised
when interpreting objective data collected
from a virtual space. No doubt the evolution
of digital technologies and the emergence of
virtual worlds will continue to shift the
way light measurements are acquired just as
the invention of charge-coupled devices did
in the 70 s.

Every building is unique with its own
character. Although it is reassuring that
virtual reality would lend itself well to the
evaluation of lighting quality, we need to be
mindful of the fundamental meaning of space
and the emotive qualities of architecture. It is
vital to try to combine research methods into
a comprehensive protocol through which, as
this study has revealed, conclusive results are
more likely to be obtained. Tiller argued that
such combination is the key to ‘bridging the
gap between the subjective data and physical
measures’.63 He also stressed that predictions
of subjective effects should only be made
when subjective–objective relationships have
been established. Yet more effort needs to be
devoted to make lighting assessments more
meaningful and widely applicable. The
insights and findings of this work may thus
make a valuable contribution to lighting
research.
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